I. INTRODUCTION
Multiferroic BiFeO 3 (BFO) has attracted much attention because of the coexistence of ferroelectricity and antiferromagnetism at room temperature. Different from many leaky high-k materials, the BFO thin films can be quite insulating and therefore intrinsic ferroelectric polarization can be measured on BFO thin films. However, so far the detailed investigations on dielectric property of BFO are still lacking. The giant dielectric constant (as large as 10 4 ) was observed in BFO ceramics in which the large values are attributed to hopping electrons at the electrode interface and grain boundaries.
1, 2 The dielectric properties of a In/BFO/LSMO capacitor also showed obvious effects from the electrode interface. 3 This is similar with many other large dielectric materials like CaCu 3 Ti 4 O 12 , LuFe 2 O 4 , LaMnO 3 et al. In literatures and our previous results, it was shown that both giant dielectric constant and magnetocapacitance can be attributed to the interfacial effects in leaky oxide. [4] [5] [6] [7] Therefore, although the leakage current can be suppressed in fabricated BFO thin films dramatically, [8] [9] [10] one should still be careful about the conclusions deduced from the dielectric results.
It is proposed in a few recent papers that there may be several phase transitions at low temperatures for BFO. [11] [12] [13] [14] [15] The dielectric measurements based on BFO bulk materials revealed that the elastic and dielectric anomalies at low temperature may be related to these transitions. 16 The electrical equivalent circuit fitting was utilized to investigated the impedance spectroscopy (IS) of epitaxial BFO thin films above room temperature. 6 In this paper, we present the dielectric property of epitaxial BFO below room temperature. The origins of the dielectric anomalies are clarified with equivalent circuit fitting. The results show that the dielectric anomalies at low temperature might be misleading for phase transition analysis if no electric circuit fitting is used. Furthermore, the physical significances of the Constant Phase Element (CPE) and the related capacitor conversion method are discussed based on the results at different temperatures and electric fields in BFO samples. 
II. EXPERIMENT
Two BFO epitaxial thin films named sample A and sample B with different thickness are deposited on Nb:STO (100) conductive substrates by magnetron sputtering at 680 o C from a Bi deficient BFO target. Their thicknesses are estimated to be 400 nm and 140 nm respectively by scanning electron microscopy (SEM) and high resolution x-ray reflectometry (XRR) methods. The sample structure was characterized by high resolution x-ray diffractometer (HRXRD) with Cu-K a1 radiation. The dielectric properties of BFO capacitor were carefully examined with two-point method by an Agilent E4980a LCR meter in the frequency range of 20 to 2M Hz. The Pt top electrodes (30 μm ×30 μm) were connected to the coaxial cable with wire binding (Al-wire). The experimental setup is shown schematically in Fig. 1(a) . The dielectric responses of sample A are measured across one single capacitor. The current path includes the Pt/BFO interface, the BFO thin films and the BFO/Nb: STO interface.
III. RESULTS AND DISCUSSION

A. Basic properties
The insulating BFO thin films are necessary in the dielectric measurements because the interfacial effects may dominate in the leaky samples.
3 Fig. 2 shows the out of plane HRXRD results of the sample A. Only the (l00) peaks can be observed which indicate the epitaxial growth on the Nb:STO substrate. The full width at half maximum (FWHM) of the rocking curves is about 0.5 degree. Fig. 3 shows the room temperature ferroelectric hysteresis loops of sample A measured at 1kHz. The results show intrinsic ferroelectric hysteresis behaviors. The polarization can reach more than 70μC/cm. The loops are not rectangles which indicate larger leaky current at high electric fields. [17] [18] [19] [20] [21] The horizontal shift is due to asymmetric electrodes. The ferroelectric loops indicate the insulating character of the thin film.
B. Impedance spectroscopy at low temperatures
The dielectric measurements of sample A was carried out at low electric field of 10kV/cm which is much smaller than the coercive field (∼100 kV/cm). [22] [23] [24] Fig. 4(a) shows the temperature dependence of the AC capacitance at some selected frequencies. The capacitances decrease gradually with decreasing temperature. Dielectrics anomalies characterized by the slope change are observed at low temperatures, as shown in Fig. 4(a) . According to the Kramers-Kronig relations, a anomaly in the capacitance will result in a anomaly in the dielectric loss tangent. 25, 26 As demonstrated in Fig. 4(b) , there are two peaks in the temperature dependent dielectric loss tangent at lower frequencies. The loss tangent can be smaller than 1 at room temperature with frequency higher than 1 kHz. Small dielectric loss tangent also indicates that the sample used is insulating. Similar slop changes at this temperature range have been reported in both single crystalline and polycrystalline BFO. They are related to the ferroelastic phase transitions at low temperature. 16 Many other literatures have connected the anomaly in capacitance with certain phase transitions. 25, [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] In the field of multiferroics, for example, the anomalies were often accompanied by antiferromagnetic transition, 27, 37, 40-42 domain formation, 43 phase transition near the morphotropic phase boundary (MPB) 44, 45 and many other magnetic phase transitions. 30, 34, 35, 41, 46 In order to recognize these anomalies, electrical circuits based curve fittings are carried out at every measured temperatures. The equivalent circuit used for the fitting is shown in Fig. 1(b) . At the beginning of our fittings, both simple R-C and CPE based components have been tried. It turns out that the CPE model is competent in fitting the main feature of the measured results. Dielectric loss tangent the introduction of R1-C1 and R2-C2. We have also tried to include another CPE-G to replace any of these R-Cs. However, the results indicate that it is not necessary because the parameter n turns out to be 1 and the CPE is degenerated to a pure capacitance. The measured imaginary part of the impedance shows even smaller difference with the CPE1-G1.
However, if the data are translated into the dielectric constant and loss tangent, the necessity to include R1-C1 and R2-C2 becomes more obvious. As shown in figure 5(c) and 5(d), the dotted curve labeled CPE1-G1+R1-C1+R2-C2 is the fitted results of the data at 300 K which matches the measured data (solid line) quite well. The dotted curves labeled as CPE1-G1 and CPE1-G1+R1-C1 represent the calculated results from one and two components respectively. The measured capacitance show obvious discrepancy with the calculated results without R1-C1 and R2-C2, as shown in figure 5(c) . The dielectric loss tangent of CPE1-G1 is in inverse proportion to frequency. Therefore, R1-C1 and R2-C2 must be included in the model to fit the two dielectric loss peaks. It is well known that two simple R-C components in series (Maxwell-wagner type relaxation) can results in dielectric loss response that can be separated into the conductivity term (in inverse proportional to frequency) and the debye term (characterized with dielectric maximum.) 47 P. Lunkenheimer shows that the UDR model in series with an R-C can also generate similar response in dielectric loss tangent. 4 Therefore, the dielectric loss tangent indicate the existence of three different components at 300 K. 48 Figs. 6(a) and 6(b) show the frequency dependence of the dielectric response at different temperatures. The dotted lines indicate the measured data while the solid lines represent the fitted results. Above 210 K, the model composed of three components can fit both the real and imaginary part perfectly. Furthermore, no simpler model can fit the two dielectric loss peaks. The number of parameters is seven and the number of point in frequency range is fifty three which is much larger than the degree of freedom, six. The ratio of the number of freedom to the number data point is comparable with literatures. 4, 7, 49 At temperatures below 210 K, the number of parameters increased by 3 because of the introduction of CPE2-G2. It is necessary to add this component in the fittings at lower temperatures because the third dielectric loss peak begins to appear at 210 K. As shown in figure 6(c), another dielectric loss peak is observed between the peak introduced by R1-C1 and 
Dielectric loss tangent R2-C2. Both simple R-C and CPE-G components have also been tried to fit the new relaxation at lower temperature. However, only CPE-G can give good fittings. A further examination shows that an inductor (L 0 ) in series with the CPE-G is necessary to represent the dielectric increase at high frequencies and low temperatures. The inductance comes from the contact leads. The capacitance of the experimental setup is below 5×10 -14 F which is much smaller than the minimum measured value in this paper.
The successes in fittings do not give any information on whether the components represent the thin films or interface. Besides, both ideal R-C and the CPE-G unit can be used to represent the interfacial component. 6 In order to distinguish the origin of different components, we measured dielectric response of the Samples B at 300 K. The capacitances of sample B are measured in both single and double capacitance, as shown in Fig. 1(a) . The current path of double capacitor includes two Pt-BFO interfaces, 2×140 nm BFO thin films and two BFO/Nb:STO interfaces. Therefore we can compare the fitting parameters with effective thickness of 140 nm, 280 nm and 400 nm. The capacitances of the CPE-G (C converted ) are converted from the fitted parameters with a conventional method that is often used in the field of corrosion 50 and have been recently introduced to multiferroic thin films. The results shown in Figs. 7(a) and 7(b) indicates that the capacitance converted from CPE1-G1 can be scaled with the thickness of thin films. Therefore we attribute the CPE1-G1 to the thin film. Because C = ε 0 · ε r · A d
, with A and d represent the electrode area and thin film thickness, the capacitance scales with sample geometry. In addition, different capacitors with the same thickness of 140 nm in samples B were tested. The derived CPE capacitance can also be scaled with film thickness, as shown in Fig. 7(a) . The derived capacitances do not precisely follow 1/d probably because there are conductive defects in the sample and the effective sample thickness may be a little different from the measured. The capacitances of R1-C1and R2-C2 are compared in Fig. 7(b) . The results show that the capacitances in double capacitors of sample B are one half that of the single capacitor in both samples A and sample B and are independent of the films thickness. This is reasonable if they are attributed to the electrode interfaces, because there are two more interfaces for double capacitors. Two R-Cs are needed to model the interface effects probably because of the asymmetrical electrodes. The fittings are almost perfectly done for both real and imaginary part at temperatures higher than 210 K. As temperature decreases, a weak peak in dielectric loss appears and this feature cannot be fitted unless another component (CPE2-G2) is included in the model, as shown in Fig. 1(b) . The fitting results and the corresponding confidence intervals (CI) are shown in table I. A 0 , G DC and n are parameters of the CPEs. G DC is the conductance in parallel with the CPEs. The parameters R 1 , R 2 and C 1 , C 2 represent the resistance and capacitance of the interface. The CI values are calculated from the fitted standard error (SE) of the fitting results within 95% precision. At higher temperature, the CI values are much smaller than the fitted parameters which indicate the uniqueness of these parameters. At low temperature the CI value becomes larger because of small dielectric response. It is noticed that the parameter n of CPE2 decreases with decreasing temperature. This is contrary to that of the CPE1. The conductance of the CPE2 is much smaller than that of CPE1, which indicates the formation of another region in the sample that is more conductive. The dielectric constants (ε Converted ) determined from the converted capacitance (C converted ) are larger than 400 even at low temperatures. As stated above, there are several possibilities that may cause the observed dielectric anomalies at this temperature for BFO. The fitting results reveal more information of the transition on the conductivity and inhomogeneities.
C. Dielectric anomalies and phase transition at low temperatures
With all these fitting parameters mentioned above, the dielectric response of any component or their combinations can be calculated at different temperatures. As an example, the results at 1kHz is shown in Figs. 4(c) and 4(d) . The solid lines (black) represent the measured results while the 
square dots (black) represent the fitted results. The results fit well in the whole temperature range. There are two obvious dielectric loss peaks at around 70 K and 210 K. However, the calculated capacitance without the contribution from R1-C1 (triangular dots, blue) shows obvious discrepancy with the measured data below 210 K. Accordingly, the dielectric loss peak at 210 K disappears without the contribution of R1-C1. Similarly the CPE2-G2 (circles dots, red) are responsible for the dielectric loss peak at around 75 K. It should be noticed that, although the CPE2-G2 is introduced to the fitting at 210 K, the observable responses manifest themselves at much lower temperature. The capacitance calculated without CPE2-G2 only shows small discrepancy below 120 K. The interfacial effects are responsible for the slope changes and the corresponding dielectric loss around 210 K. This further indicates that the dielectric anomalies cannot be related to the phase transition directly. The equivalent circuit based curve fitting is necessary to eliminate the extrinsic effects.
D. Physical significance of the CPE parameters
The CPE have been widely used in the IS fittings in many different systems to get a better fit of the non-Debye like dielectric responses. Several different relations between the exponent n and the fractal dimension have been proposed with the CPE representing electrode interface. [51] [52] [53] [54] The uses of CPE to represent the perovskite are reviewed recently in which the origin of exponent n is also believed to be the inhomogeneities in the system. 55, 56 In the case of ferroelectric materials, the inhomogeneities may come from the domains. Similar to the situations in electrodes, there are also fractal dimensions and topological defects in the BFO thin films. 57, 58 Therefore it is nature to find CPE like behavior in the multi domain BFO thin films. Furthermore, it should be noticed that there are actually two different forms of CPE expressions which are widely used in literatures. The common way that are often used in many commercial softwares do not include the G DC in the CPE. 6 The admittance is as follows,
The second formula includes the G DC into the CPE formula and the new expression of CPE becomes Y CPE = G In the case that the CPE-G represent the electrode interface, the second expression is believed to be more reasonable because the capacitance is closely related to the charge transfer. 59 Schmidt first introduced the conversion method to multiferroic BFO and BMO thin films in which the CPE-G unit represent the thin films property. 6 But the necessities to use the second expression in the conversion methods are not clarified. In this paper, we compare the fitting parameters in detail and give more evidence on the physical meaning of the second expression of CPE. Firstly, in order to convert the three CPE parameters to an ideal capacitance, as what we did above, the second expression of the CPE has to be used. 59 When the G DC is included in the CPE formula, the impedance of the CPE-G becomes
The real (Z ) and imaginary (Z ) part of the complex impedance can be separated. It is derived that the frequency at which the Z reach its maximum is independent of n and ω max = G DC /A 0 . 50 The real part of the impedance is a constant for different n values at this frequency. Figs. 8(a) and 8(b) demonstrate the calculated results from the fitting parameters at 300 K with G DC = 4.68849×10 -8 and A 0 = 2.52283×10 -11 . For different n values the Z − ω plots peak at the same ω max and the corresponding Z − ω intersect at this frequency with its conductance equal to half the G DC . The converted capacitance is calculated through C = A 0 · (ω max ) n−1 . But for the first expression ω n max = G DC /A 0 , the ω max is frequency dependent. Therefore the conversion can only be carried out with the second expression. From these theoretical analyses, it is noticed that the effect of n can be separated from that of parameter G DC and A 0 . The conversion method actually provide a way to compare the dielectric properties of capacitors with different inhomogeneous. In the early work of A. K. Jonscher, the G AC = A 0 · Cos(n · π/2) · ω n = (A 0 ) n /G n−1 DC · Cos(n · π/2) · ω n = A 0 · (ω Max ) n−1 · Cos(n · π/2) · ω n is considered as the frequency dependent ac conductance which is certainly thickness dependent. 60 Therefore, both parameter A 0 and C converted scales with sample thickness because C converted = A 0 · (ω max ) n−1 . In our results shown in Fig. 7(a) , the converted capacitances can be scaled with sample thickness because the ac conductivities of different capacitors are almost the same. Besides, ω max = G DC /A 0 , both dc and ac conductivities are fixed values in the sample. Therefore the C converted is only decided by the sample geometry.
In order to further validate the use of C converted , we measured the electric field dependent impedance between 0.5 kV and 20 kV on sample A in the same capacitor at 290 K, as shown in Figs. 9(a) and 9(b). The dielectric loss at low frequency increases dramatically with increasing electric fields. This is because the G DC almost increased one magnitude with electric field, as shown in table II. The inset of Fig. 9(a) indicate that the measured capacitance also increase with electric field. This is consistent with the results of the dielectric nonlinearity in epitaxial BFO films. 22 The other parameters also vary systematically with increasing electric field. However, the converted capacitances almost do not change with electric fields. The observed dielectric nonlinearity and the increase in dielectric loss tangent show that it is more reasonable to include the parameter G DC into CPE, because the conductance increases with electric field.
IV. CONCLUSION
The impedance spectroscopy of epitaxial BFO thin films is investigated at low temperatures. Although obvious dielectric anomalies are observed, they are not attributed to phase transition directly. Our fittings indicate that the interfacial effects can strongly influence dielectric response in temperature scale. G DC must be included into the CPE to be physically meaningful and to account for the dielectric nonlinearity. A 0 is related to the frequency dependent conductance. Our analysis may motivate more works which can relate microstructures to the CPE parameters.
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